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DisorderThermoelectric properties of nickel-heavily-doped Mo3Sb7 compounds (NixMo3yNiySb7, x + y = 0.00,
0.15, 0.20, 0.25 and 0.30), obtained via a metallurgical route, are reported. Structural analysis by X-ray
diffraction (XRD) and energy-dispersive X-ray spectroscopy (EDX) suggest that most Ni atoms are
inserted into the cubic voids while the remaining a few substitute Mo atoms. Ni in the cubic voids
increases the densities and the slope of electronic states near Fermi level, resulting in the increase of elec-
trical conductivity (r) and thermopower (a). Meanwhile, Ni at the substituted sites induces phonon-scat-
tering disorder in the crystal, leading to the decrease of the thermal conductivity (j). These results
indicate that the simple heavy-Ni-doping could provide a unique way to optimize all the thermoelectric
parameters in this Mo3Sb7 compound.
 2013 Published by Elsevier B.V.1. Introduction
Thermoelectric materials, which are capable of directly convert-
ing heat into electricity, are expected to be one of the promising
technologies to improve the utilization efﬁciency of the fuels [1–
3]. The performance of a thermoelectric material is deﬁned by
the dimensionless ﬁgure of merit ZT = a2rT/j, where a stands for
the thermopower (Seebeck coefﬁcient), r the electrical conductiv-
ity, j the total thermal conductivity, and T the absolute tempera-
ture. The total thermal conductivity j arises from two sources:
the lattice or phonon contribution jL and the electronic contribu-
tion je. Most of the charge carrier term je is proportional to the
electrical conductivity r according to the Wiedemann–Franz law:
je = L0rT = nelL0T, where L0 is the Lorenz factor [4]. However,
the relatively low efﬁciency apparently constrains the most appli-
cations of the thermoelectric materials [5,6]. Clearly, high-
performance thermoelectric materials should simultaneously have
high thermopower, high electrical conductivity, and low thermal
conductivity. Unfortunately, these parameters canot be indepen-
dently optimized. For instance, both the electrical conductivity
and thermal conductivity increase with the charge carrier concen-
tration, whereas the thermopower decreases [7,8]. Therefore,
excellent thermoelectric materials must be narrow-gap semicon-
ductors with intermediate charge carrier concentrations in order
to possess a balance between the high thermopower of semicon-
ductors and the high electrical conductivity of metals. In addition,a complex crystal structure is another criterion for obtaining a
relatively low thermal conductivity [9,10].
Over the past few years, Zintl compounds have been the subject
of extensive research because of their complex crystalline struc-
ture, weakly bonded atoms, and narrow gap [9–11]. Recently, the
Zintl phase of the Mo3Sb7 compound, which crystallizes in an Ir3-
Ge7-type structure, has emerged as a promising material for power
generation at high temperatures [5,12]. Electronic structure calcu-
lations have shown that Mo3Sb7 has a p-type metallic character
with a few bands crossing the Fermi level, and moreover, adding
two electrons to the Mo3Sb7 per formula unit could cause it to
cross over from a metallic material to a semiconductor [13,14].
Abundant experimental investigations have shown that partial
substitutions of Te for Sb or Ru for Mo can effectively shift the po-
sition of the Fermi level upward. Unfortunately, the metal–
insulator transition has not been achieved, because the solubility
limits of these atoms in the Mo3Sb7 compound prevent their
concentrations from meeting the theoretical values required. Nev-
ertheless, both the electric and thermal properties have been sig-
niﬁcantly improved by these substitutions, and the maximum ZT
value achieved to be 0.8 at 1050 K and 0.4 at 1000 K for the sub-
stitution of Te [15,16] and Ru [17], respectively. On the other hand,
the cubic voids in the crystal structure of Mo3Sb7 have also at-
tracted great interest. As we know, in the skutterudites materials,
the voids in the Sb icosahedrons have been successfully ﬁlled with
alkaline or rare earth metal atoms. These ﬁllers have a weak bind-
ing force to their adjacent atoms, which creates a remarkable
rattling effect in the oversized cages that in turn reduces the total
thermal conductivity substantially by introducing phonon-
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ﬁlled skutterudites to be highly competitive thermoelectric
materials. As for the Mo3Sb7 system, many works have been done
by the Kleinke group. They used small metal atoms (Mg, Mn, Fe, Co
and Ni) with a low doping content in the Mo3Sb7xTex (1.5 6
x 6 1.7) compounds [19–21], and in their opinion, all atoms occu-
pied the cubic voids and a rattling effect was expected just like in
the skutterudites. However, the results were disappointing: the
thermal conductivity increased, and there was no signiﬁcant
change in the electrical properties. Furthermore, Candolﬁ and his
partners investigated Fe-doped Mo3Sb7 materials with Fe concen-
trations up to 0.43 using X-ray diffraction and Mössbauer spectros-
copy and found that the Fe atoms only replace Mo and do not
occupy the cubic voids, just as Ru replaces Mo [22]. Consequently,
the positions of the Fe atoms should be conﬁrmed crystallograph-
ically, since a low iron content might be inserted into the cubic
cages, while the high one replaces the Mo atoms.
Compared with iron atoms, nickel atoms are smaller and are
considered to be more prone to reside in the cubic cages. Therefore,
it is signiﬁcant to ﬁgure out which site the Ni atoms occupy when
Mo3Sb7 is heavy doped with Ni and if the nickel atoms occupy the
cubic voids, whether the rattling effect will be created. In this
work, a series of Ni heavily-doped NixMo3yNiySb7 (x + y = 0.00,
0.15, 0.20, 0.25 and 0.30) compounds were synthesized and char-
acterized and the inﬂuence of the Ni doping on the crystal struc-
ture and thermoelectric properties was investigated.2. Experimental
Polycrystalline NixMo3yNiySb7 samples with nominal compositions of
x + y = 0.0, 0.15, 0.20, 0.25 and 0.30 were synthesized using a solid-state reaction
method. The high purity Mo powder, Sb beads and Ni powder were ﬁrst mixed
and ground together for 30 min with an agate mortar and pestle, and then the mix-
ture was cold pressed into pellets and loaded into a quartz ampoule. The above pro-
cesses were performed in a glove box under an argon atmosphere. Then the
ampoules were taken out of the glove box and fused under the residual pressure
of 2  105 Torr. Subsequently, the sealed evacuated quartz ampoules were trans-
ferred into a programmable resistance furnace, heated up to 1043 K and kept at this
temperature for 5 days. In order to achieve good homogeneity of the samples, the
obtained ingots were pulverized and milled for 20 min. Then, the powders were
cold pressed again and annealed at 1043 K for another 5 days. Finally, the pellets
were powdered and then densiﬁed using a hot press procedure with graphite dies
under vacuum at 953 K for 2 h (mechanical pressure 47 MPa).
After each heating in the furnace, the ampoules were broken in the glove box,
and a small amount of the pulverous product was taken out and analyzed using
the powder X-ray diffraction technique (Bruker D8, Cu K radiation).
In addition, a portion of a hot-pressed pellet of the nominal composition Ni0.25
yMo3yNiySb7 was analyzed by a Hitachi S-4800 high-resolution FE-SEM equipped
with an energy-dispersive X-ray spectroscopy (EDX) analyzer (XP30, Philips), at
an acceleration voltage of 20 kV.Fig. 1. Crystal structure of NixMo3yNiySb7 compouThe thermopower a and electrical conductivity r were measured simulta-
neously with a commercial ZEM-3 system from ULVAC, in the 300 K to 900 K tem-
perature range in the standard mode. The thermal conductivity was determined
using the simple relation j = kCpqd, where Cp, k and qd are the speciﬁc heat, thermal
diffusivity, and sample density respectively. Speciﬁc heat data were collected in a
ﬂowing argon atmosphere using a differential scanning calorimetry system (DSC,
TA, Q100) with a heating rate of 10 K/min. The sample density was acquired using
the Archimedes method, and the thermal diffusivity coefﬁcient k was determined
with a laser ﬂash system (NETZSCH LFA 457). We estimate ±5% and ±7% errors in
our electrical and thermal transport measurements, respectively.3. Results and discussion
3.1. Structural characterization
Mo3Sb7 has an Ir3Ge7-type structure with a body-centered cubic
unit cell (space group Im-3m). Because the crystal structure of Mo3-
Sb7 is discussed in detail elsewhere [23,24], only a brief description
is given below. This crystal structure can be described as being
made of a three-dimensional Sb atom network (left part of Fig. 1)
in which eight Sb atoms comprise a square antiprism and a pair
of such antiprisms share a face formed by the Sb1 atoms. These
pairs are connected via the Sb2-Sb2 bonds to form inﬁnite chains
that run parallel to the three crystallographic directions. This con-
nection leads to empty Sb(2)8 cubes alternating with pairs of
MoSb8 antiprisms along each axis. The shortest Sb-Sb bond con-
nects the adjacent chains through the Sb(2)8 cubes (right part of
Fig. 1). As each face of the Sb(2)8 cube is shared with the MoSb8
square antiprisms, a three-dimensional network of orthogonal
chains is formed.
Fig. 2 illustrates the XRD patterns of NixMo3yNiySb7
(x + y = 0.00, 0.15, 0.20, 0.25 and 0.30), which show that a small
amount of NiSb exists in each of the Ni-doped samples and that
a trace of metallic Mo appears when x is increased to 0.25 and
0.30. As has been reported, the relative amount of impurities in
the powders can be imprecisely determined by measuring the
intensities of the major XRD peaks [25]. For instance, in the com-
pound Ni0.15yMo3yNiySb7, the amount of NiSb impurity is calcu-
lated as
NiSb% ¼ Ið101ÞNiSb
Ið330ÞNi0:15yMo3yNiySb7 þ Ið101ÞNiSb
 100%
The relative amounts of impurities in the NixMo3yNiySb7 com-
pounds are shown in Table 1. As can be seen, the amounts of both
NiSb and Mo increase with Ni content. It should be mentioned that
the relative amounts of these impurities are all less than 3%. This
suggests that most of the Ni dissolved into Mo3Sb7, forming a solid
solution. In addition, Ni could also react with Sb to form NiSb, and
consequently, a small amount of Mo is segregated.nd (left) and a fragment of its unit cell (right).
Fig. 2. Left is X-ray diffraction patterns of NixMo3yNiySb7 serious samples at
x + y = 0, 0.15, 0.20, 0.25, 0.30, right graph shows the magniﬁed patterns including
the impurity Mo at x = 0.25y, 0.30y.
Table 1
Relative amounts of impurities in Ni0.30Mo2.7Sb7 and NixMo3yNiySb7 compounds, the
amounts are in volume fraction.
Composition Impurity phase (%)
Sb NiSb2 NiSb Mo
Mo3Sb7 – – – –
Ni0.15yMo3yNiySb7 – – 1 –
Ni0.20yMo3yNiySb7 – – 1 –
Ni0.25yMo3yNiySb7 – – 2 1
Ni0.30yMo3yNiySb7 – – 3 1
Ni0.30Mo2.7Sb7 9 2 1 –
Fig. 3. X-ray diffraction patterns of Ni0.30Mo2.7Sb7 and Ni0.30yMo3yNiySb7.
Table 2
Lattice parameter and relative density (d) of the NixMo3yNiySb7 compounds.
Chemical formula Lattice parameter (Å) d (%)
Mo3Sb7 9.5729(6) 97.1
Ni0.15yMo3yNiySb7 9.5710(4) 97.8
Ni0.20yMo3yNiySb7 9.5696(3) 97.9
Ni0.25yMo3yNiySb7 9.5699(2) 96.6
Ni0.30yMo3yNiySb7 9.5696(3) 97.8
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solid solution, Ni0.30Mo2.7Sb7 was synthesized for comparison, and
its XRD pattern is shown in Fig. 3. The indexed peaks show that a
considerable amount of Sb exists in Ni0.30Mo2.7Sb7 up to a relative
abundance of 9%, indicating that Ni is most likely inserted into the
cubic voids formed by the eight Sb2 atoms instead of the Mo sites.
The lattice parameters of the NixMo3yNiySb7 compounds were
also calculated based on the XRD results, as shown in Table 2.
The lattice parameter decreases with x from 0 to 0.20 and then re-
mains constant with x up to 0.3. It has been well-known that the
lattice parameter will increase when Ni atoms are inserted into
the cubic interspace [13] and decrease when Mo atoms are re-
placed with smaller atoms such as Ru [17]. Moreover, the radius
of Ni is much smaller than that of Mo. From this point of view,
the fact that the lattice parameter decreases with Ni doping dem-
onstrate although most of the Ni enter the cubic voids, the remain-ing a few should replace Mo to compensate for the lattice
expansion induced by Ni insertion, which is in agreement with
the fact that a small quantity of Mo is segregated after Ni addition.
From these results, it can be concluded that most of the Ni is in-
serted into the cubic space in NixMo3yNiySb7 (0.15 6 x + y 6 0.30),
while a small amount of Ni occupies the Mo sites.3.2. Electronic energy-dispersion spectroscopy
To acquire more information about the phase compositions of
the samples, electronic energy-dispersive spectroscopy (EDS)
analyses were performed to obtain the elemental mapping of
Ni0.25yMo3yNiySb7 in Fig. 4. The nickel is apparently distributed
throughout the sample. However, in the region marked i, the Ni
content is high, the Mo content is low, and the Sb content is similar
to that in other regions. Thus, region i is possibly the area where
the NiSb impurity phase might emerge. As for region ii, the Mo
content is high while the Sb content is low, and hence, it is quite
possible that the Mo phase is precipitated in this area. The EDS
analysis is in good accordance with the XRD results, further con-
ﬁrming the existence of the second phases NiSb and Mo in these
compounds.3.3. Electrical conductivity and thermopower
Fig. 5 shows the temperature dependence of the electrical con-
ductivity of NixMo3yNiySb7 (x + y = 0.00, 0.15, 0.20, 0.25 and 0.30)
in the 315–900 K temperature range. For all samples studied, the
electrical conductivity gradually decreases with increasing tem-
perature, i.e., dr/dT < 0, which is a degenerate semiconductor
behavior. This behavior is often found in heavily doped semicon-
ductors. Moreover, the electrical conductivity of NixMo3yNiySb7
is signiﬁcantly improved after Ni incorporation and increases with
Ni content. Based on the electronic structure calculation reported
by Kleinke et al. [13,14,19], Mo3Sb7 can be considered a p-type
semiconductor, where the EF falls in the top region of the valence
band. At the same time, the 3d electrons of Ni are also in the va-
lence band, and hence the inserted Ni atoms increase the density
of states (DOS) in the vicinity of EF, eventually increasing the
charge carrier concentration. Notably, within the investigated tem-
perature range, the electrical conductivity of NixMo3yNiySb7 is
about two orders of magnitude higher than those of current
commercial thermoelectric materials. In particular, Ni0.30yMo3y
NiySb7 possesses the highest electrical conductivity ranging be-
tween 6230 S cm1 at 315 K and 4040 S cm1 at 900 K.
The thermopower as a function of temperature is shown in
Fig. 6, and the positive values conﬁrm that all compounds are p-
type semiconductors. In each case, the thermopower increases
nearly linearly with rising temperature, and the thermopower is
improved dramatically after Ni addition. However, no clear trend
for the changes in thermopower can be observed for the different
Ni concentrations in the Ni-containing compounds, possibly be-
cause of the experimental uncertainty. In general, the thermopow-
er decreases when the electrical conductivity of a thermoelectric
material is increased. Most interestingly, in this case, both the
Fig. 4. FE-SEM micrographs of Ni0.25yMo3yNiySb7 sample hot-pressed with graphite dies under vacuum at 953 K for 2 h. (b) Sb, (c) Ni, (d) Mo elemental mappings of the
Ni0.25yMo3yNiySb7 sample. The mapping regions are marked as the squares in (a).
Fig. 5. Temperature dependence of the electrical conductivity of the NixMo3yNiy-
Sb7 samples.
Fig. 6. Thermopower as a function of the temperature of the NixMo3yNiySb7
compounds.
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introduced into Mo3Sb7.
As the Mott relation shows, the thermopower is sensitive to the
slope of the band structure around the Fermi level EF [26,27], and
the relationship is given bya / 1
DOSðEFÞ
@½DOSðEÞ
@E








E¼EF
According to the results of the electronic structure calculations,
the incorporation of Ni atoms into the cubic voids alters the elec-
tronic structure and increases the value and slope of the DOS in
the vicinity of EF, which in turn slightly enhances the thermopower
[19,21]. But also because of the opposite effects of the value and
slope of the DOS on the thermopower, no clear trend for the
changes in thermopower can be observed for the different Ni con-
centrations in the Ni-containing compounds. In addition, the
experimental uncertainty may be another possible reason.As both the electrical conductivity and thermopower are en-
hanced, the power factor (P.F. = a2r) increases for all Ni-doped
samples (Fig. 7). However, within the entire temperature range,
the Ni-doped samples exhibit very similar P.F. values, mostly be-
cause there is little difference in the thermopower values. Around
850 K, Mo3Sb7 shows the lowest P.F. value of 1256 lWm1 K2,
while Ni0.25yMo3yNiySb7 exhibits the highest value of
1611 lWm1 K2, where the P.F. value is improved by nearly 30%.3.4. Thermal conductivity
Fig. 8 shows the total thermal conductivity of Mo3Sb7 and the
Ni-doped Mo3Sb7 compounds as a function of temperature from
315 to 820 K. In order to acquire more accurate data, at every tem-
perature we measured three times to obtain the mean value. For
each sample, the total thermal conductivity increases with the
temperature, indicating that the thermal transport is dominated
Fig. 7. Power factor of the NixMo3yNiySb7 compounds as a function of
temperature.
Fig. 8. Total thermal conductivity measured as a function of the temperature of the
NixMo3yNiySb7 compounds.
Fig. 9. Temperature dependence of the dimensionless ﬁgure of merit ZT of the
NixMo3yNiySb7 compounds.
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plained by the extremely high electrical conductivity of this series
of NixMo3yNiySb7 compounds.
On the other hand, the total thermal conductivity is suppressed
after Ni is incorporated into the Mo3Sb7. The measured electrical
conductivity of the samples increases with Ni fraction, and the
thermal conductivity je contributed by the charge carriers must
also follow this trend. Therefore, if the thermal conductivity je is
subtracted from the total thermal conductivity, the lattice thermal
conductivity jL can be obtained, and the values jL of Ni-doped
samples must decrease more than the total thermal conductivity
after Ni atoms are incorporated. It should be noted that according
to previous studies [19–21], the interstitial Ni atoms cannot create
a rattling effect, but instead work as space ﬁllers and help to den-
sity the materials and enhance the thermal conductivity. However,
as mentioned above, the opposite result is observed here. Speculat-
ing about the crystal structure, we hypothesize that if the Ni atoms
in the cubic voids do not produce a rattling effect, the reduction in
jL might come from the small quantity of Ni atoms substituted for
Mo. This substitution increases the disorder of the crystal structure
and induces a mass ﬂuctuation effect (the difference of atomic radii
and molar mass between Mo and Ni are serious) that could reduce
the phonon mean free path (scattering phonons) to lower the lat-
tice thermal conductivity.Compared with the thermal conductivities of the leading high-
temperature thermoelectric materials, the high thermal conductiv-
ity of NixMo3yNiySb7 is a serious disadvantage. Across the whole
temperature range we investigated, the compound Ni0.25yMo3y
NiySb7 has the lowest total thermal conductivity among the
NixMo3yNiySb7 series of compounds, of about 7.81 Wm1 K1 at
820 K.3.5. ZT
Because the electrical and thermal properties have been charac-
terized at slightly different temperatures, in order to calculate the
thermoelectric ﬁgure of merit ZT, linear ﬁtting is used to obtain the
appropriate power factor that ﬁts the measured thermal conduc-
tivity. The ZT values obtained at various temperatures increase rap-
idly with increasing temperature in Fig. 9. Owing to the
enhancements of the electrical conductivity and thermopower
and reduction of the thermal conductivity after Ni doping, the ther-
moelectric performance of Ni-doped Mo3Sb7 is improved dramati-
cally. Among all the NixMo3yNiySb7 compounds, the sample with
x = 0.25 exhibits the best thermoelectric properties, reaching a ZT
of 0.21 at 920 K. This value is improved by about 50% compared
to that of Mo3Sb7 (0.14 at 920 K) although its absolute value is still
very low for applications.4. Conclusion
In summary, the effect of Ni doping on the crystal structure and
thermoelectric properties of Mo3Sb7 compound has been investi-
gated. The crystal structure analysis revealed that the Ni atoms
are not only inserted into the cubic voids, but also substituted
for Mo atoms in small amounts. Interestingly, the inserted Ni
atoms might increase the value and slope of the DOS in the vicinity
of EF, while the substitution increases the disorder of the crystal
structure. Consequently, both the electrical and thermal properties
are optimized, and improved ZT values are obtained for all Ni-
doped samples. However, it should be stressed that the ultrahigh
electrical conductivity of Mo3Sb7 cannot be lowered simply by
incorporating Ni atoms; therefore, the ZT values of NixMo3yNiySb7
are still very low for practical application. Nevertheless, It is note-
worthy that all of the thermoelectric properties are optimized
simultaneously by the accession of nickel in Mo3Sb7 in this work,
whereas improvements in one parameter are often at the cost of
another parameter in many other approaches.
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